ABSTRACT: Using 14 C-labeled phytoplankton as tracer, we investigated 2 mechanisms of immediate dissolved organic carbon (DOC) release during grazing activity of Calanus spp. -sloppy feeding and leakage from newly expelled fecal pellets. Half of the carbon cleared by Calanus spp. was released as DOC through sloppy feeding. Freshly expelled fecal pellets lost more than 20% of their carbon content within the first hour, corresponding to 6% of the carbon cleared. Thus, copepods should not only be considered as an essential link to higher trophic levels, but also as a feedback link to the microbial food web.
INTRODUCTION
The classical assumption that large marine copepods primarily act as link between primary producers and higher trophic levels has recently been challenged by documentation of significant production of dissolved organic material (DOM) by grazing copepods. High production rates of DOM have been recorded during the spring bloom (Hasegawa et al. 2001 ) and in the laboratory when copepods feed on large phytoplankton species (Møller & Nielsen 2001) . In contrast, grazing on smaller species leads to insignificant DOM production rates (Strom et al. 1997 , Møller & Nielsen 2001 . Several mechanisms contribute to the production of DOM, including sloppy feeding, ammonium excretion, and leakage from fecal pellets. Previously, only the total amount of DOM produced by copepods or the contribution of their fecal pellets has been quantified, and experimental discrimination between the different sources has not been made. Working with freshwater cladocerans, however, Lampert (1978) distinguished between DOC produced by sloppy feeding and by excretion and leaching from fecal pellets.
In a much-cited theoretical paper, Jumars et al. (1989) suggested that more than 50% of the solutes in fecal pellets leak out within 5 min, but to our knowledge this theory has not yet been experimentally tested. Urban-Rich (1999) measured Calanus spp. fecal pellets produced within 6 h of egestion and reported an 86% reduction in the fecal pellet DOC pool within the subsequent 6 h. In contrast, Strom et al. (1997) could not measure any leakage of DOC from Calanus pacificus pellets during the same period.
DOM-production comprises an important source of substrate for the bacterial community. Experiments have shown that the presence of grazing copepods enhances bacterial production and correlates with increased bacterial biomass (Eppley et al. 1981 , Roman et al. 1988 , Peduzzi & Herndl 1992 . In the field, the vertical distributions of copepods in the water column have been found to match the distribution of amino acids (Poulet et al. 1991 ) and bacterial numbers and activity (T. G. Nielsen et al. unpubl.) .
Copepods of the genus Calanus are key organisms of high-latitude pelagic ecosystems, especially during and just after the spring bloom, when they dominate the grazer community (Madsen et al. 2001) . The aim of the present study was to quantify the immediate DOC production by C. finmarchicus, C. glacialis and C. hyperboreus by sloppy feeding and leakage from newly expelled fecal pellets during simulated springbloom conditions in the laboratory.
MATERIALS AND METHODS
Sampling. Phytoplankton and copepods were collected in June 2001 in Disko Bay off the western coast of Greenland at a 250 m deep station located 1 nautical mile from Qeqertarsuaq (Godhavn) (69°15' N, 53°33' W). For a description of the area and the pelagic ecology of Disko Bay see Nielsen & Hansen (1995) , Madsen et al. (2001) and Levinsen & Nielsen (2002) . Phytoplankton were sampled from the subsurface fluorescence peak (between 12 and 45 m) using a 30 l Niskin bottle. The copepods were collected in the upper 50 m with a WP-2 net (200 µm) with a large nonfiltering cod-end, and were subsequently diluted with surface water in a thermo-box. All samples were kept cold and shaded and were brought to the laboratory within 3 h.
Laboratory conditions. In the laboratory, all incubations and experiments were carried out in dim light in a temperature-controlled room at 0 to 2°C. Upon arrival at the laboratory, Calanus finmarchicus, C. glacialis and C. hyperboreus females were immediately sorted out, and were kept in 5 l beakers at 5 to 10 individuals l -1 and fed natural plankton until the start of the experiment the next day. The sampled water was reversefiltered through a 200 µm screen with added B1-medium with Si (Hansen 1989 ) along with 100 µCi NaH 14 CO 3 l -1 . The filtered water was then incubated for 3 to 4 d at a photon flux density of 320 µmol m -2 s -1 , resulting in 4.6 ± 0.9 SE doublings (measured as an increase in chlorophyll a), which were sufficient to ensure a uniform labeling of the phytoplankton community (Nielsen & Olsen 1989) To remove dissolved 14 C, the incubated phytoplankton was washed prior to the experiment following the procedure described by Møller & Nielsen (2001) . In brief, the labeled plankton community was placed in a 1.2 l chamber below a 10 µm screen and 5 l of 0.2 µm-filtered seawater was pumped through the chamber by a peristaltic pump (100 ml min -1 ). Measurements. Isotopic activity was measured in 8 ml subsamples separated into particulate organic carbon POC and DOC by filtration through GF/F filters. The filters were transferred to scintillation vials and preserved with 1 ml of 23% formaldehyde. The filtrate was preserved with 0.5 ml of 23% formaldehyde. Inorganic 14 C was removed by adding 300 µl 1N HCl, leaving the vials without lids for 24 h prior to the addition of 12 ml of Packard Ultima Gold XR scintillation cocktail. The activity was assessed by liquid scintillation counting in a Beckman LS 1801 scintillation counter. The amount of organic carbon (µg C) used in calculation of DOC and POC concentrations and DOC production rates was calculated by dividing the isotopic activity of the samples (dpm) with the specific activity of the washed phytoplankton (dpm µg C -1
). The specific activity of the washed phytoplankton was calculated by dividing the measured activity of the phytoplankton samples with the carbon content (µg C ml -1
). The carbon content was measured in triplicate 40 ml subsamples of the washed phytoplankton filtered onto precombusted GF/F filters using a Carlo Erba Elemental Analyzer (EA 1108). Chlorophyll was measured in duplicate 20 ml subsamples according to Jespersen & Christoffersen (1987) . The phytoplankton composition was examined under an inverted microscope.
Sloppy feeding. We performed 5 experiments (S1 to S5) with the natural plankton community and 1 experiment (S6) with a single cell culture of Thalassiosira gravida (Scandinavian Culture Centre for Algae and Protozoa, University of Copenhagen). Prior to incubation, copepods were starved for a minimum of 6 h to empty their guts. In each experiment, 5 females of each Calanus species were incubated individually in 62 ml cell-culture bottles (Nunc) for 30 min with washed 14 Clabeled phytoplankton; 5 control bottles contained only 14 C-labeled phytoplankton. Copepods were handled very gently and did not seem to be stressed by handling, as they began feeding immediately after being added to the bottle. At the beginning and end of the experiment, isotopic activity of the phytoplankton was measured in 8 ml subsamples filtered through GF/F filters following the procedure described above.
The chosen incubation time of 30 min was shorter than the expected gut-evacuation time (Maar et al. 2002) so that all DO 14 C production by the copepods could be assigned to their handling of the food. To ensure that this was actually the case, we checked at the end of the incubation periods to ensure that no fecal pellets had been produced during the experiment. If pellets were found, then the experiment was excluded from the data set. Excretion was not addressed in the sloppy feeding experiments, as they ran for 30 min only, an insufficient period for the labeled carbon to reach potential excretion products.
Individual copepods were transferred to scintillation vials, scintillation cocktail was added and the isotopic activities of the copepods were measured. Ingestion rate (I), i.e. the amount of carbon accumulated in the copepod gut per unit of water per unit time (I, µg C ml
), was calculated from the isotopic activity of the copepods.
The average (avg) POC concentration (POC avg , µg C ml -1 ) was calculated following the method of Frost (1972) simplified by Kiørboe et al. (1982) in the control (POC P-avg ) and copepod-containing bottles (POC C-avg ) from the POC concentration at the start (POC start ) and the end (POC end ) of the incubation:
(1)
The DOC production rate by phytoplankton, i.e. the amount of DOC produced per POC per time (
) was calculated from the total DOC production (DOC T , µg C ml -1 h -1 ) in the control bottles as: (2) DOC production by the copepods, i.e. the amount of DOC produced due to grazing per unit volume of water per unit time (DOC C , µg C ml -1 h -1
) was calculated taking into account the DOC production by phytoplankton in the copepod-containing bottle:
The DOC loss rate was calculated from the slope (a,
) of the linear regression between ingestion/gut content (I) and DOC production (DOC C ).
It also important to determine the DOC production expressed as fraction of the carbon removed from suspension (RFS, µg C ml -1 h -1 ), i.e. the total food carbon removed per unit volume of water per unit time, which is equal to the ingestion/gut content (I) plus the DOC produced by grazing (DOC C ): 
Since we used in situ populations of plankton for our incubations, protozooplankton were also included. This was the case in both the control bottles and the experimental bottles. If the feeding of copepods on protozooplankton is substantial, this could lead to an underestimation of the DOC loss caused by copepods because the biomass and thus feeding activity of the protozooplankton would be highest in incubations without copepods (Nejstgaard et al. 2001) .
Leakage from fecal pellets. Female copepods were incubated with the labeled plankton in a 5 l container with a false 500 µm screen bottom. The copepods were allowed to feed for 3 to 4 h to replace their gut content with 14 C-labeled plankton. To rinse the copepods, the false bottom with the copepods was transferred to 0.5 µm filtered seawater. The copepods were then gently transferred to a 10 cm petri dish with 0.5 µm filtered seawater from which all fecal pellets produced during handling were removed. The copepods were observed under a dissecting microscope and fecal pellets were collected immediately after egestion (within 10 s) using a mouth pipette, and were transferred to 8 ml 0.5 µm filtered seawater in a 10 ml glass vial. Triplicate samples of 10 fecal pellets were transferred to each vial; the total collection took less than 5 min. The experiment was stopped by filtration onto GF/F filters and the isotopic activities of the filter and the filtrate were measured.
Incubations of pellets were performed for periods of 0, 15, 30 and 60 min. Due to the handling time the measurement at one time interval, t, represents the leakage from pellets that had been leaking DOC between t and a maximum of t + 5 min. Leakage is presented in relation to the middle point of the time interval (see Fig. 2 ). Leakage of DOC from the fecal pellets was calculated from the DOC / (DOC + POC) ratio in each individual incubation; since each incubation contained a different volume of fecal pellet carbon, a normalization was necessary.
Fecal pellet experiments were performed only with Calanus finmarchicus (F2) and C. glacialis (F1) as C. hyperboreus did not produce enough fecal pellets to carry out this study. This may have been due to the fact that C. hyperboreus was at this time preparing to overwinter (Niehoff et al. 2002) .
RESULTS
The phytoplankton biomass in the experiments varied between 650 and 2330 µg C l -1 and was dominated by diatoms species characteristic for the spring bloom in Disko Bay (Levinsen et al. 2000) (Table 1) .
Sloppy feeding
DOC production by copepods increased as a function of their ingestion (Fig. 1) . Negative DOC production values are due to low production of DOC by the copepods relative to the subtracted DOC production by phytoplankton (see 'Materials and Methods'). However, they do not affect the calculations of the release rate, since the latter are based solely on the slope of the regressions. The regression statistic and the DOC production expressed as a fraction of ingested carbon or of carbon removed from suspension are summarized in Table 2 . The experiment with the diatom culture (S6) was excluded from the overall regressions since we wanted to estimate the DOC production by sloppy feeding on a natural plankton community. It is included in Table 2 only to scale the results of the experiments with natural phytoplankton to those of routine laboratory experiments based on cultured algae.
The remaining data indicated that Calanus spp. lost 49% of the carbon they removed from suspension. The individual regressions for the 3 species gave comparable loss rates ( Table 2 ). The slopes of the regressions for all 3 species were not significantly different (Student's t-test between the individual regressions: p > 0.1). If alternative regressions are made from each experimental date using the data from all 3 species of Calanus the loss of DOC varies more, but with weaker statistical power, probably because of the smaller sample numbers (Table 2) .
Leakage of DOC from fecal pellets
For Calanus finmarchicus fecal pellets, the DOC/ (DOC + POC) ratio increased from 0.13 at the first measurement to a maximum of 0.28 after 15 min. For C. glacialis pellets, the DOC/(DOC + POC) ratio increased from 0.05 to 0.24 after 60 min (Fig. 2) . A hyperbolic equation proved the best fit of the data:
Calanus finmarchicus:
Calanus glacialis: The estimates of DOC production by sloppy feeding and leakage from fecal pellets were used to model the fate of carbon removed from suspension by Calanus spp. (Fig. 3) . Leakage from fecal pellets is assumed to be 28%, the maximum estimated from the regression for C. finmarchicus, since the estimate for C. glacialis did not saturate within the experiment. For the sloppy feeding estimate, the regression estimate for Calanus spp. has been used, i.e. it is assumed that 49% of the carbon removed from suspension was lost by sloppy feeding. Assimilation efficiency is assumed to be 60% (Conover 1966) . The budget illustrates that 49% of the carbon removed from suspension by Calanus spp. was immediately released to the DOC pool through sloppy feeding, 31% was assimilated and 20% was egested. The leakage of DOC from fecal pellets was only 6% of the carbon originally removed from suspension, and only 15% of the carbon remained for potential sedimentation. Higher or lower assimilation efficiency will not influence the fraction of the carbon produced by sloppy feeding, but only the fraction that is assimilated and the fraction in the fecal pellets. The reported range of assimilation efficiencies for arctic Calanus spp. is 40 to 87% (Conover 1966) . These efficiencies result in a leakage of DOC from fecal pellets of 9 to 2% of the carbon originally removed from suspension, while 22 to 5% of the carbon will be left for potential sedimentation.
DISCUSSION
The results of the present study emphasize the diverse roles of Calanus spp. in the pelagic food web. These copepods are not only important vectors of carbon transfer to higher trophic levels, but also fuel the bacterial community through production of DOC. To our knowledge, the results presented herein are the first attempt to distinguish and quantify the sources of DOC produced by pelagic copepods.
Our results corroborate the model predictions of Jumars et al. (1989) that a significant leakage from copepod fecal pellets takes place within the first few minutes after release. Within the first hour, fecal pellets produced by Calanus finmarchicus and C. glacialis lost more than 20% of their organic carbon (Fig. 2) . Nevertheless, we found that the amount of DOC produced by leakage from fecal pellets was low compared to the amount produced by sloppy feeding (6% compared to 49%, respectively, Fig. 3 ). This agrees with the suggestions of Hasegawa et al. (2001) and Møller & Nielsen (2001) that sloppy feeding is the key factor in the large amounts of DOC produced during copepod grazing activity. These studies did not experimentally discriminate between sources of dissolved material, but they did nonetheless show a total release of up to 91% of dissolved organic or inorganic nitrogen removed from suspension and 69% of carbon removed 189 Table 2 . Calanus spp. DOC production by sloppy feeding. Loss rate expressed either as slope (a) of linear regression between DOC production and carbon ingestion (Fig. 3) Strom et al. (1997) found low total DOC production rates and suggested sloppy feeding to be of minor importance when Calanus pacificus were grazing on a relatively small-sized phytoplankton, while Copping & Lorenzen (1980) found that DOC loss was no higher than 24% of carbon removed from suspension when C. pacificus grazed on both small-and large-sized phytoplankton species. The results from the latter study could, however, have been biased, as bacteria could have taken up a substantial part of the produced DOC during the relatively long incubation time of 48 h. To our knowledge, the only other study discriminating between DOC produced by sloppy feeding and that produced by excretion and leaching from fecal pellets was performed in freshwater with cladocerans, which differ from copepods in their feeding mode and fecal pellet structure (Lampert 1978) . However, in Lampert's study, up to 17% of the ingested carbon was lost as DOC due to sloppy feeding when the prey was large, while only 4% was lost when the cells were small enough to be swallowed whole. The contribution of DOC from excretion and leakage from fecal pellets resulted in a total loss of 10 to 17% of the carbon removed from suspension. During our study, the experimental conditions mimicked a spring bloom with a dominance of diatoms. The relative importance of the 2 DOC pathways from copepods will vary as a function of seasons. When the available prey is composed of smaller cells, e.g. during summer, DOC production by sloppy feeding will probably be lower and relatively more carbon will be available for assimilation. Moreover, egestion will be greater, thus giving rise to a higher potential leakage of carbon from fecal pellets. However, were sloppy feeding assumed to be zero in the budget in Fig. 3 , the DOC leakage from fecal pellets would still only represent 11% of the carbon removed from suspension. Using a lower assimilation efficiency of 40% (Conover 1966) will only increase this fraction to 17%. Thus, high DOC production rates by copepods will occur only when the contribution by sloppy feeding is large.
The release rate of carbon from fecal pellets declines after the first hour (Fig. 2) , suggesting that most of the solutes have leaked out by this time. Our measurements included the diffusion of DOC from the fecal pellets (Jumars et al. 1989) , as well as degradation of POC to DOC by fecal pellet-associated bacteria arising from the intestine. Bacterial degradation was probably insignificant during the 1 h duration of our experiment (Hansen et al. 1996) . However, if fecal pellets were incubated for a longer period, bacterial POC degradation would continue after diffusion has ceased, i.e. more DOC would be released. Previous studies of the leakage and degradation of fecal pellets were not experimentally designed to allow estimation of the importance of leakage during the period immediately following release, as fecal pellets were collected after 2 to 6 h. Hence, conclusions of no detectable leakage from pellets (Strom et al. 1997) may not be correct and the importance of this factor may actually be severely underestimated (Hansen et al. 1996 , Urban-Rich 1999 , Thor et al. 2003 .
It should be noted, however, that the leakage from fecal pellets measured in the present study was probably influenced by the relatively high food concentrations of diatoms in our experiment. High food concentration may lead to faster gut-passage, leaving more solutes in the pellets (Jumars et al. 1989 ). In addition, low assimilation efficiency has been shown for copepods grazing on diatoms (Besiktepe & Dam 2002) . The phytoplankton concentration in our experiment (Table 1) was, however, not unrealistically high compared to the 10 to 15 µg chl a l -1 commonly found during the spring bloom in Disko Bay (Levinsen et al. 2000) , and the maximum value of 31 µg chl a l -1 recorded in the maximum chlorophyll depth during the present investigation (T. G. Nielsen et al. unpubl.) . Thus, the observed rates of DOC production from sloppy feeding and leakage of fecal pellets can be considered credible for such a bloom situation.
Another factor that might have biased our rate estimates was the specific labeling of the phytoplankton. Low molecular weight substances, which dominate the cytosol of the phytoplankton cells, are normally labeled first (Nielsen & Olsen 1989) . Non-uniform labeling would, therefore, probably lead to overestimation of sloppy feeding. Furthermore, assimilation in the copepod gut is high for these substances, and leakage from fecal pellets may therefore be underestimated. However, the phytoplankton used in the present experiment was labeled over almost 5 generations, a period suggested by Nielsen & Olsen (1989) to be sufficient for uniform labeling.
During the spring bloom in Disko Bay, the dominating copepods of the genus Calanus lost almost half of the carbon they removed from suspension as DOC, primarily due to sloppy feeding. In conclusion, the present study stresses the need for a broader view of the role of copepods in the food web. They should be considered not only an essential link to higher trophic levels, but also a significant feedback-link to the microbial food web.
